INTRODUCTION {#SEC1}
============

Microbiota are everywhere in the world, and play important roles in various ecosystems. A suite of culture-free methods have enabled us to detect the genetic landscape of microbiota ([@B1]). The rapid progress in high-throughput DNA sequencing provides optimism for a bright spectrum of community diversity, phylogeny and functional capacity. Up to now, there are two main sequencing strategies to explore microbial communities, namely, 16S rRNA amplicon sequencing ([@B4],[@B5]) and shotgun metagenome sequencing ([@B6],[@B7]). A variety of worldwide microbial projects employed these two strategies, for instance, human microbiome project (HMP) ([@B8]) and earth microbiome project ([@B9]).

Bacterial 16S rRNA has a complex and highly conserved secondary structure, including nine variable (V) regions (V1--V9) ([@B10]). Direct sequencing of these variable regions is normally served as a standard approach for assessing composition and variation of complex microbial communities. Thus, variable region selection becomes a key step to answer the question of what is present in a given specific environment. Bioinformatic analysis tools, such as Mothur ([@B11]) and QIIME ([@B12]), and curated ribosome-related database likes SILVA ([@B13]), Greengenes ([@B14]) and ribosomal database project (RDP-II) ([@B15]), have revolutionized this culture-independent investigation of microbial diversity more easily and quickly. Multiple copies of 16S rRNA within one bacterial genome ranging from 1 to 15 ([@B16]), can affect the accurate assessment of bacterial abundance. Several computational tools attempt to adjust gene copy number for 16S rRNA analysis. For example, Kembel *et al*. ([@B17]) presented a method that employed sequences and genomic copy number of 16S rRNA genes combined with phylogenetic placement and ancestral state estimation to adjust organismal abundances. However, they are not applicable to novel species or strains with distinct 16S rRNA copy numbers. In addition, another drawback of 16S rRNA amplicon analysis is that it cannot provide direct experimental evidence on metagenomic function, although PICRUSt ([@B18]) predicted metagenome functional content from 16S rRNA sequences based on a priorly trained model using sequenced genomes.

Whole genome shotgun (WGS) sequencing is another important method for microbiome studies, which provides a comprehensive understanding of community structure, genetic population heterogeneity and potential metabolism pathway with relatively low-cost, less time and high throughput data than before. Due to the rapid advance of sequencing technologies, WGS-based metagenomic studies are growing sharply ([@B19]). However, exponential growth in sequencing data size generally needs more computational resources and efficient tools for further analyses. Recently, a number of bioinformatic tools such as FOCUS ([@B20]), MetaPhlAn2 ([@B21]), Kraken ([@B22]), CLARK ([@B23]) and SUPER-FOCUS ([@B24]), have been developed to facilitate taxonomic profile and metabolic function analyses based on metagenomic sequences. However, shortage of reference genomes and chimeric assembly are bottlenecks of shotgun metagenome sequencing ([@B25],[@B26]), which influence the accuracy and reliability of genomic assembly and annotation, and thus it cannot provide a consensus microbial composition compared with 16S profiles.

More recently, many metagenomic surveys have employed both 16S- and WGS-based methods together, but the downstream analyses were performed separately. As a result, taxonomy and phylogeny inferred by 16S rRNA amplicons are often inconsistent with those retrieved from shotgun metagenome sequencing ([@B27],[@B28]). It should be noted that in metagenome assembly, highly conserved ribosomal RNA sequences tend to be misassembled together or treated as repetitive sequences and thus filtered out. Therefore, it is necessary to establish a direct connection between 16S rRNA and metagenomes. In this study, we propose a novel method RiboFR-Seq (Ribosomal RNA gene Flanking Region Sequencing) (Figure [1](#F1){ref-type="fig"}) for capturing both ribosomal RNA variable regions and their flanking protein-coding genes simultaneously. This approach goes beyond traditional metagenomic analysis by taking into account not only phylogenetic features of 16S rRNA typing but also metagenome-scale genes derived from the same sample. With the rapid development of read length and quality generated from high-throughput sequencing, RiboFR-Seq would be a more reliable approach to explore the microbial community.

![An overview of RiboFR-Seq method. (**A**) A schematic diagram shows the process for capturing both ribosomal RNA variable regions and their flanking sequences simultaneously. (**B**) Experimental flowchart of RiboFR-Seq. Briefly, restriction enzymes with a 6-bp recognition site that can cleave bacterial 16S rRNA sequences were used to digest metagenomic DNA. Subsequently, the enzyme-digested DNA fragments with sticky end were self-circularized by direct intra-molecule ligation, which were then used as templates for LD-IPCR with specific inverse primers (labeled with biotin). LD-IPCR products were fragmented, of which contained biotin could be collected by magnetic streptavidin beads, then constructed NGS library for high- throughput sequencing.](gkw165fig1){#F1}

MATERIALS AND METHODS {#SEC2}
=====================

Sample collection {#SEC2-1}
-----------------

A healthy human volunteer was recruited, who was free of systemic diseases and other oral diseases, had no prosthetic dental appliances, had never received periodontal therapy and had not taken any antibiotics within three months prior to the sampling. About 10 ml saliva was collected in sterile plastic tube from this volunteer, and frozen at −80°C for further processing.

*Escherichia coli* DH5α (competent cells) was incubated aerobically at 37°C in LB (Luria broth) medium. Cells at logarithmic phase (10^6^--10^7^/ml) were collected and frozen at −80°C for storage.

Female gametophytes of brown algae (*Saccharina japonica, SJ*) were cultured at 10 ± 1°C and 5 μmol photons m^−2^ s^−1^ with a 12:12 h light/dark photoperiod. Microorganisms colonized on the surface of *SJ* were harvested using shaking equipment (Thermo Fisher Scientific, Waltham, MA, USA), and stored at −80°C for further processing.

Total DNA extraction {#SEC2-2}
--------------------

Cells of specimens were washed three times with sterile 1× phosphate buffered saline (Sangon Biotech Co., Ltd Shanghai, China). Bacterial genomic DNA was extracted with a TIANamp Bacteria DNA Kit (Tiangen Biotech Co., Ltd Beijing, China). The quantity of isolated DNA was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and the quality was checked by agarose gel electrophoresis. DNA solution was stored at −20°C for further processing.

Restriction enzyme selection and digestion {#SEC2-3}
------------------------------------------

A total of 2 879 170 bacterial 16S rRNA sequences were downloaded from RDP database ([@B29]). A total of 8667 nearly full-length 16S rRNA sequences (≥1400 nt) of type strains were picked and aligned against a 16S alignment database from Greengenes ([@B14]) using Mothur v.1.32.1 ([@B11]). All aligned 16S rRNA sequences were *in silico* digested using 67 commercially available restriction endonucleases (Supplementary Table S1) with 6-bp recognition site by custom Python scripts. Restriction enzyme selection for further experimental applications was based on the following three criteria: (i) more than half of 8667 nearly full-length 16S rRNA sequences of type strains could be digested; (ii) only one recognition site was in most of full-length 16S rRNA sequences and the recognition site was adjacent to any of the nine 'hypervariable regions' (V1-V9) of 16S rRNA; and (iii) sticky ends of 16S rRNA sequences were cleaved by restriction enzymes with a 6-bp recognition site.

High molecular weight genomic DNA was digested by the selected restriction enzymes following the reaction mixture and procedures from the bundled protocols. After digestion, heat inactivation was performed according to the usage protocols of these enzymes. Enzyme-digested products were checked by agarose gel electrophoresis and stored at −20°C for further processing.

Self-circularization and linear-DNA degradation {#SEC2-4}
-----------------------------------------------

Enzyme-digested genomic DNA fragments with sticky ends were self-circularized by direct intra-molecule ligation using T4 DNA ligase incubating at 16°C for 16 h. Then, T4 DNA ligase was heat inactivated at 65°C for 10 min. The remaining linear genomic DNA fragments were degraded by exonuclease I (ExoI, New England BioLabs (NEB), Hitchin, UK) and Plasmid-safe™ adenosine triphosphate (ATP)-dependent DNase (PSAD, Epicentre Biotech, Madison, WI, USA) by incubating at 37°C for 30 min and denaturing the enzymes at 75°C for 20 min. The circular genomic DNA solution was frozen at −20°C for further processing.

PCR primer sets and long distance-inverse PCR amplification {#SEC2-5}
-----------------------------------------------------------

Nearly full-length 16S rRNA sequence of *E. coli* DH5α was targeted with universal primer pair 16S-8F/16S-1541R ([@B30]) (Table [1](#tbl1){ref-type="table"}). The V4 and V6 region of 16S rRNA were individually amplified from metagenomic samples using universal primer sets 16S-V4-515F/16S-V4-806R ([@B5]) and 16S-V6-784F/16S-V6-1061R ([@B31]) (Table [1](#tbl1){ref-type="table"}). Long-range genomic DNA fragments were obtained from circular DNA of enzyme-digested metagenome by long distance-inverse polymerase chain reaction (LD-IPCR) with specific inverse primer pairs 16S-EcoRI-515F/16S-EcoRI-338R and 16S-AatII-784F/16S-AatII-338R (Table [1](#tbl1){ref-type="table"}, Figure [1A](#F1){ref-type="fig"}). Biotin-labeled primers 16S-EcoRI-515F and 16S-AatII-784F were optional based on the purpose of enrichment. The PCR programs for amplifying these target sequences were shown in Table [1](#tbl1){ref-type="table"}. All PCR products were checked by agarose gel electrophoresis and stored at −20°C for further processing.

###### PCR primer sets used in this study

  Primer pair      sequence (5′ to 3′)                  PCR program
  ---------------- ------------------------------------ ----------------------------------------------------------------------
  16S-8F           AGA GTT TGA TCC TGG CTC AG           95°C 5 min, 30 × (94°C 30 s, 58°C 1 min, 72°C 1 min), 72°C 6 min
  16S-1541R        AAG GAG GTG ATC CAN CCR CA           
                                                        
  16S-V4-515F      GTG CCA GCM GCC GCG GTA A            95°C 5 min, 26 × (94°C 1 min, 50°C 1 min, 72°C 1.5 min), 72°C 10 min
  16S-V4-806R      GGA CTA CVS GGG TAT CTA AT           
                                                        
  16S-V6-784F      AGG ATT AGA TAC CCT GGT A            95°C 5 min, 26 × (94°C 40 s, 60°C 1 min, 72°C 1 min), 72°C 7 min
  16S-V6-1061R     CRR CAC GAG CTG ACG AC               
                                                        
  16S-EcoRI-515F   CGT GCC AGC MGC CGC GGT AAT ACG      94°C 1 min, 30 × (98°C 10 s, 68°C 10 min), 72°C 10 min
  16S-EcoRI-338R   CAC TGC TGC CTC CCG TAG GAG TNT GG   
  16S-AatII-784F   AGG ATT AGA TAC CCT GGT AGT CCA      
  16S-AatII-338R   CAC TGC TGC CTC CCG TAG GAG TNT GG   

Primer numbering relates to *Escherichia coli* position complementary to the 5′ end of the primer.

Last letter denotes direction: forward and reverse.

Next-generation sequencing (NGS) library preparation {#SEC2-6}
----------------------------------------------------

The PCR products of 16S V4 (∼300 bp) and V6 (∼290 bp) region amplified from bacterial communities were purified by QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Purified PCR products were quantified by Qubit^®^ dsDNA HS Assay Kit with the Qubit^®^ 2.0 Fluorometer system (Invitrogen, Life Technologies, Grand Island, NY, USA). For each metagenomic sample, 16S V4 and V6 amplicons were directly used to construct paired-end (PE) libraries using NEBNext^®^ Ultra™ DNA Library Prep Kit.

LD-IPCR products from circular AatII-digested genomic DNA and circular EcoRI-digested genomic DNA were sheared into fragments of ∼900 and ∼500 bp in size by sonication using Covaris s220 (Covaris, Woburn, MA, USA), respectively. PE libraries were constructed according to a standard protocol with NEBNext^®^ Ultra™ DNA Library Prep Kit. Biotin-labeled LD-IPCR products were adsorbed onto magnetic streptavidin beads and then bound to the magnet for enrichment. Subsequently, NGS libraries of these biotinylated PCR fragment were performed the same as above.

Purified metagenomic DNA sequences were fragmented into ∼180 bp by sonication using Covaris s220 (Covaris). PE libraries were constructed according to a standard protocol provided by Illumina, Inc. (San Diego, CA, USA).

Next-generation sequencing and data preprocessing {#SEC2-7}
-------------------------------------------------

NGS libraries were quantified using a Stratagene Mx3000P Real-time PCR Cycler (Agilent, Santa Clara, CA, USA) before cluster generation in a c-Bot automated sequencing system (Illumina, Inc.). Quantified libraries with different barcodes were pooled together and sequenced on an Illumina HiSeq 2000 high-throughput sequencing instrument with 2 × 100 bp PE sequencing.

Raw image data and base-calling were performed using the standard Illumina pipeline with default parameters. Low quality reads and adaptor contaminations were filtered by Trimmomatic ([@B32]).

Metagenome assembly and gene prediction {#SEC2-8}
---------------------------------------

For shotgun metagenome sequencing, *de novo* assembly of short PE reads were built using the Short Oligonucleotide Analysis Package (SOAPdenovo) v2.0.1 ([@B33]) assembly method and gaps were closed by GapCloser ([@B33]) (Figure [2](#F2){ref-type="fig"}, right panel). MetaGeneMark v3.25 ([@B34]) was used to predict genes from assembled contigs/scaffolds (size ≥500 bp) (Figure [2](#F2){ref-type="fig"}, right panel). The protein sequences translated from predicted genes were used to query the non-redundant protein (NR) database (6 July 2014) by BLASTP search (*E*-value ≤ 1 × 10^−5^). For each query, top 50 best BLAST hit results were recorded. Then, the function of a query protein was categorized based on majority-rule consensus of the output results. Lowest common ancestor (LCA) method was used to determine species' taxonomic origin ([@B35]).

![Flowchart of bioinformatic analyses in RiboFR-seq. Left panel, general analysis of 16S rRNA amplicons. Right panel, bioinformatic processing of shotgun metagenome sequencing data. Median panel, RiboFR-Seq data analysis. One of PE reads from RiboFR-Seq is aligned to 16S (gray dotted line), the other is matched to metagenomic assembled contigs/scaffolds (black line with color arrows, color arrows indicate ORFs and the arrow direction indicates transcriptional orientation). Through the linkage (light blue curves) of above PE reads, 16S OTUs can be additionally annotated (i), multiple 16S rRNAs can be located in assembled genomes (ii), subspecies can be detected (iii) and expressed genes from meta-transcriptomes can be assigned (iv).](gkw165fig2){#F2}

rRNA amplicons analysis {#SEC2-9}
-----------------------

PE sequencing reads of 16S rRNA hypervariable regions (V4 or V6) were merged into long sequences by custom Perl scripts. These long sequences were aligned against a 16S alignment database from Greengenes ([@B14]) using Mothur v.1.32.1 ([@B11]) to remove chimeric sequences and convert reverse and complement sequences (Figure [2](#F2){ref-type="fig"}, left panel). The unique 16S V4 forward index 'CGCGGTA' and reverse index 'TTAGATA', 16S V6 forward index 'ACCCTGG' and reverse index 'GTCGTCAG' were located in filtered long sequences, and 160-bp sequences between forward index and reverse index were considered as tag sequences after removing redundancy (Figure [2](#F2){ref-type="fig"}, left panel). Tag sequences were clustered and binned into Operational Taxonomic Units (OTUs) based on 97% similarity (equivalent of species) using CD-HIT v4.5.4 ([@B36]), and further classified by the RDP Naïve Bayesian Classifier version 2.7 ([@B37]). Sample-based rarefaction curves were generated with OTUs in R 3.1.0 (<http://www.r-project.org/>). Single nucleotide variants were detected by pairwise alignment of unique tag sequences.

RiboFR-Seq data analysis {#SEC2-10}
------------------------

Filtered PE reads of RiboFR-Seq datasets were classified as rRNA sequences and non-rRNA sequences using SortMeRNA v2.0 ([@B38]). The PE reads that one end was rRNA sequence and the other was non-rRNA sequences were extracted from output files of SortMeRNA. For these read pairs, the rRNA read was aligned to 16S sequences and the non-rRNA read was characterized against the assembled metagenomic contigs/scaffolds by BLAT v. 36x1 ([@B39]) (*E*-value ≤ 10^−5^), respectively. Then, the taxonomic origin of this query read pair was determined based on the taxonomic classification of both rRNA-targeted read and metagenomic contig-targeted read using similar strategy like LCA (Supplementary Figure S1). Therefore, some of tag sequences unclassified by RDP classifier could be taxonomically annotated using its associated metagenomic contig assignment. Multiple copies of 16S rRNA sequences within one genome could be correctly ordered and orientated based on their coordinates in chromosome through the linkage of PE reads with one was rRNA read and the other was non-rRNA read. When these 16S rRNA copy numbers were determined, the relative abundance of certain bacteria could be recalibrated by dividing the number of 16S rRNA gene copies. Subspecies in metagenome was detected using nucleotide divergence of 16S rRNA sequences by custom Python scripts and confirmed by contigs/scaffolds associated with 16S rRNA. The computational pipeline for RiboFR-seq data analyses can be accessed at <https://sourceforge.net/projects/ribofr-seq/>.

RESULTS {#SEC3}
=======

RiboFR-Seq method {#SEC3-1}
-----------------

We propose a novel experimental and bioinformatic method, RiboFR-Seq, for capturing both ribosomal RNA variable regions and their flanking protein-coding genes simultaneously (Figure [1](#F1){ref-type="fig"}). Firstly, metagenomic DNA was digested by selected restriction enzymes and then these enzyme-digested DNA fragments were self-circularized through direct intra-molecule ligation (Figure [1A](#F1){ref-type="fig"}). After self-circularization, the remaining liner genomic DNA was digested using exonuclease. The long-range products were amplified from circular metagenomic DNA molecules with designed primer sets (Table [1](#tbl1){ref-type="table"}) located in the 16S rRNA gene by long distance-inverse PCR (LD-IPCR) (Figure [1B](#F1){ref-type="fig"}). These amplified products were fragmented and used for library construction and PE sequencing. The filtered PE reads were aligned to the annotated reference genomic sequences. For a read pair, if one end is mapped to 16S rRNA variable region (V4 or V6) and the other end is mapped to the upstream protein-coding region, they are considered as 'bridge read pairs' (BRPs), which will provide a direct link between 16S rRNA taxonomic profiling and WGS metagenomic assemblies (Figure [2](#F2){ref-type="fig"}). This new method can be applied to make consensus annotation between 16S rRNA profiling and shotgun metagenome surveys, to accurately locate multiple 16S rRNA sequences in assembled contigs/scaffolds for aiding metagenome assembly and to detect 16S gene copy number by clustering non-ribosomal reads of BRPs along the chromosome (Figure [2](#F2){ref-type="fig"}).

Restriction enzyme selection and experimental verification of RiboFR-Seq on *E. coli* DH5α {#SEC3-2}
------------------------------------------------------------------------------------------

Selection of an appropriate restriction enzyme is a key factor in RiboFR-Seq. An ideal restriction enzyme should have a 6-bp recognition site to cut sticky ends, and cleave 16S rRNA sequences in all bacterial genomes, with only one recognition site adjacent to any of nine 'hypervariable regions' (V1-V9) of 16S rRNA. A total of 67 commercially available restriction enzymes (Supplementary Table S1) were used to *in silico* digest 8667 aligned 16S rRNA sequences of type strains from RDP database. More than half of the above 16S rRNA sequences could be digested by 19 restriction enzymes (Supplementary Table S1, marked by yellow color). NcoI, SnaBI, SphI and StuI were removed from the restriction enzyme candidate sets, because the number of 16S rRNA sequences they digested was the least of these 19 restriction enzymes. About one-third of the above 16S sequences had more than two recognition sites digested by Acc65I, BspEI, EagI, KpnI, PmlI, SacII, SmaI and XmaI (Supplementary Figure S2, be similar with the recognition sites distribution of KpnI), which were thus abandoned. SspI and ZraI were also discarded since they digested sequences with blunt end, which were hard to form self-circularization especially when long-range DNA fragments were used. Combined with primer design of nine 'hypervariable regions' of 16S rRNA, AatII and EcoRI were finally chosen from 67 restriction enzymes to digest the metagenomic DNA, which could digest 99.7 and 77.8% of 8667 aligned 16S rRNA sequences of type strains, respectively (Supplementary Figure S2).

This new designed method was firstly validated on a single laboratory strain *E. coli* DH5α. The nearly full length sequences of 16S rRNA were amplified from the genomic DNA of laboratory strain *E. coli* DH5α with primer sets 16S-8F/16S-1541R (Table [1](#tbl1){ref-type="table"}). In consistent with *in silico* analysis, this 16S sequence was split into two fragments after AatII treatment, which were 1200 and 300 nt, respectively (Supplementary Figure S3). Genomic DNA of *E. coli* DH5α digested by AatII was smear shown in Supplementary Figure S4A. The AatII-digested genomic DNA fragments were self-circularized through sticky ends directly ligated, and linear genomic DNA fragments were decomposed by ExoI (NEB) and Plasmid-safe™ ATP-dependent DNase (Epicentre). The inverse primer pair 16S-AatII-784F/16S-AatII-338R (Table [1](#tbl1){ref-type="table"}) was used to amplify the long-range genomic fragments from the circular DNA by LD-IPCR. Six PCR products (\>2 kb) (Supplementary Figure S4B) indicated that the self-circularization and LD-IPCR were successful. LD-IPCR products were then sequenced using Sanger sequencing method to obtain the sequences of 5′ and 3′ ends, which were mapped to *E. coli* reference genome (K-12 substr. MG1655). One end of the sequence was aligned to V1-V2 region of 16S rRNA, the other end was split-mapped to V6 region of 16S rRNA and a functional gene (*gmh* B) located upstream of 16S rRNA, respectively (Supplementary Figure S4C). These results demonstrated that the newly designed method RiboFR-Seq could be manipulated successfully in molecular biological laboratory.

Application of RiboFR-Seq to microbiome from oral habitats {#SEC3-3}
----------------------------------------------------------

Because most of microbes in human saliva have been classified and sequenced, with their genomic sequences deposited to public databases, we selected salivary microbiome from a healthy human volunteer as another test dataset to evaluate the performance of this method. High-throughput sequencing of AatII-digested circularized PCR products (oral-A) from RiboFR-Seq generated 4 325 207 PE reads, and two replicates of EcoRI-digested circularized PCR products (oral-E1 and oral-E2) generated 11 327 920 and 8 559 821 PE reads, respectively. All these PE reads were aligned against 937 reference genomes from HMP, in which about 7.95% of PE reads from oral-A, 6.70 and 4.42% of PE reads from oral-E1 and oral-E2 could be classified as BRPs. These results proved our new method could be applied to metagenomic studies. The incomplete reference genome sequences in HMP may lead to the underestimation of the percentage of BRPs in all three RiboFR-Seq datasets.

We further performed 16S rRNA amplicon sequencing and shotgun metagenome sequencing of the same salivary sample from the healthy human volunteer, and used the RiboFR-Seq data to connect the 16S rRNA classification with metagenomes. After quality control, 1 409 527 and 2 042 988 clean PE reads amplified from 16S V4 and V6 region were merged based on method described in 'Materials and Methods' section. A total of 1 238 058 and 1 854 799 tag sequences were classified using the RDP classifier and *de novo* binned into 7617 and 15 620 OTUs at 97% similarity, respectively. The rarefaction curves generated with OTUs indicated sequenced PE reads of 16S variable regions were saturated (Supplementary Figure S5). Shotgun metagenome sequencing of the saliva sample resulted in 68 235 958 sequenced clean PE reads after screening out human DNA contaminants. Totally 1 476 838 contigs/scaffolds were assembled using SOAPdenovo2, and 315 723 ORFs were predicted by MetaGeneMark from contigs and scaffolds whose length longer than 500 bp, of which 90.79% were annotated (ORFs). In this metagenome assembly, only 175 contigs were found to contain partial 16S rRNA sequences with at least 200 bp. After incorporating the RiboFR-seq data, we successfully linked 16S rRNAs to 4686 contigs with at least three BRPs support.

An advantage of RiboFR-Seq is that it can classify 16S sequence tags by combining classical 16S rRNA classification and the taxonomical annotation of metagenomic contigs/scaffolds connected by BRPs. About 590 top abundant tags of unique sequences acquired from the 16S rRNA V6 sequencing of oral-A were shown in Figure [3A](#F3){ref-type="fig"}, among these tags, 56% could be classified by RDP classifier with a confidence threshold of 50% at the genus level, whereas 89% could be classified using RiboFR-Seq by introducing additional annotation from assembled contigs (Figure [4](#F4){ref-type="fig"}). Similarly, the 16S V4 tags amplified from oral-E1 and oral-E2 could also be annotated at a higher percentage by RiboFR-Seq than by traditional V4 sequencing alone (Supplementary Figure S6).

![Salivary microbiome explored by RiboFR-Seq. (**A**) Abundant unique sequence tags of 16S V6 amplified from salivary metagenome annotated by RDP classifier and RiboFR-Seq. Each node represents a sequence tag, and node size is proportional to tag richness. The link between nodes indicates 1 nt difference between the two linked tags. (**B**) An example shows that RiboFR-seq can correct a misclassified OTU by RDP classifier. (**C**) The abundance of 15 major genera in the salivary metagenome estimated using 12 different methods or datasets. 'Meta' represents taxonomic abundance based on shotgun metagenome sequencing estimated by MEGAN. '16S_V4' and '16S_V6' represent taxonomic abundance based on classical 16S amplicon sequencing of V4 and V6 regions, respectively. 'E1' and 'E2' represent the two replicates of RiboFR-Seq datasets with EcoRI treatment. 'A' represents the RiboFR-Seq dataset with AatII treatment. '\_16S' and '\_meta' represent the taxonomic abundance calculated based on 16S tags and non-rRNA reads from RiboFR-seq, respectively. '\_con' represents the consensus prediction of taxonomic abundance based on 16S tags and non-rRNA reads from RiboFR-seq. (**D**) Recovery of multiple 16S rRNA copies by RiboFR-Seq in the salivary microbiome. Left panel, phylogenetic tree of 20 most abundant species in the salivary microbiome. Right panel, the recovery of multiple 16S rRNA copies for each of the 20 genomes. Each row represents one copy of 16S rRNA gene, and the color indicates the number of BRPs that could be uniquely mapped to the corresponding 16S rRNA copy. 'A' represents the RiboFR-Seq dataset with AatII treatment. 'E1' and 'E2' represent the two replicates of RiboFR-Seq datasets with EcoRI treatment. For example, *Oribacterium* sp. F0425 has four 16S rRNA copies, and all of them could be detected by the three datasets with strong support (\>100 BRPs).](gkw165fig3){#F3}

![Genus level annotation of 590 top abundant tags from 16S V6 of oral sample by RDP classifier and RiboFR-Seq. A total of 330 tags could be annotated at genus level using RDP classifier at a confidence threshold of 50%, whereas the remaining tags were annotated with lower confidence values below the threshold. However, 89% of these tags could be classified at genus level using RiboFR-Seq by introducing additional annotation from assembled contigs.](gkw165fig4){#F4}

Notably, RiboFR-Seq-based classification can correct errors in traditional 16S rRNA based taxonomic classification, in which short sequencing reads (∼100 bp) may be incorrectly assigned by RDP classifier. For example, one 16S V6 sequence tag was annotated as *Actinobacillus* by RDP classifier, and identified as *Actinobacillus* and *Haemophilus* with the same identities (99%) using BLASTN to search the 16S ribosomal RNA sequences database in GeneBank, but this tag was re-classified as *Haemophilus* by RiboFR-Seq, where the linked assembled contig was annotated to *Haemophilus* sp. (Figure [3B](#F3){ref-type="fig"}). In the other way, assembled contigs from salivary metagenome could also be specified through BRPs with annotated 16S sequence tags by RiboFR-Seq, 506 unannotated contigs/scaffolds from metagenomic assembly generated from oral-A could be classified. A total of 338 and 352 unrecognized contigs/scaffolds from oral-E1 and oral-E2 were also re-categorized, respectively.

*Streptococcus, Prevotella* and *Neisseria* were dominated in shotgun metagenome sequencing data, *Prevotella, Leptotrichia* and *Veillonella* were three major genera in 16S V4 dataset, compared with that *Prevotella* were absolutely dominant in 16S V6 dataset (Figure [3C](#F3){ref-type="fig"}). Since RiboFR-Seq based on EcoRI digestion employed an inverse PCR primer modified from the widely used forward primer in 16S rRNA V4 amplicon sequencing, sequencing datasets of oral-E1 and oral-E2 contained the V4 hypervariable region and thus were firstly compared with traditional 16S V4 data. The clean PE reads of RiboFR-Seq from oral-E1 and oral-E2 were aligned to whole genome sequences of oral bacteria deposited in public database (HMP and HOMD) ([@B40],[@B41]), of which 83.52 and 83.66% were identified at genus level, respectively, which were slightly lower than 16S V4 (90.47%). Similar results were also found in the RiboFR-Seq data of the AatII-digested sample (87.3 versus 87.03%). Then, we estimated the abundance of the top 15 most abundant genera using 12 different methods (RDP classifier, MEGAN ([@B35]) and RiboFR-seq) or datasets (oral-E1, oral-E2 and oral-A). Among these estimations, the top 15 most abundant genera represented 83--99% of the bacteria in 12 datasets. E1_con, E2_con and A_con, which were determined based on the consensus annotation of BRPs, were more likely to reflect the real bacterial abundance (Figure [3C](#F3){ref-type="fig"} and Supplementary Figure S7). Moreover, two recently developed tools, CLARK and Kraken, were also used for taxonomic classification. For the salivary metagenomic data, the abundance of the top 15 most abundant genera estimated by CLARK and Kraken represented 79.87 and 83.18% of the bacteria, respectively, which were slightly lower than that of the assembled method (Supplementary Figure S8). Similar results were also found in the RiboFR-Seq data annotated with CLARK and Kraken. Although the runtime of RiboFR-Seq was longer than that of CLARK and Kraken (Supplementary Table S3--4), it required much less memory than the other two tools. In addition, RiboFR-Seq could obtain not only the taxonomic profiles like CLARK and Kraken, but also the linkage between 16S rRNA and metagenomic contigs.

rRNA copy number {#SEC3-4}
----------------

Although restriction enzymes AatII and EcoRI could digest most of bacterial 16S rRNA as confirmed by both *in silico* (Supplementary Figure S2) and experimental approaches (Supplementary Figures S3--4), the efficiency of these two restriction enzymes on digesting different 16S rRNA copies in metagenomes was unknown. Hence, we collected 20 most abundant taxa in the sequenced salivary metagenome with 16S rRNA copy number ranging from one to five. All BRPs were aligned to genomic sequences of these 20 taxa, with one end mapped to the 16S rRNA sequence and the other end uniquely mapped to upstream flanking non-ribosomal region. The position coordinates of these two aligned reads in chromosome were recorded, and then were compared with coordinates of multiple 16S rRNA copies within one species to confirm which copy was digested. As shown in Figure [3D](#F3){ref-type="fig"}, 53 out of 56 16S rRNA copies from these 20 taxa were successfully digested by AatII in oral-A except for copies No. 1 of *Peptoniphilus* oral taxon 375 F0436, and No. 3 and No. 4 of *Streptococcus* F0441. Similarly, 52 and 51 copies were digested by EcoRI in oral-E1 and oral-E2, respectively (Figure [3D](#F3){ref-type="fig"}). One possible reason for the 16S copies No. 3 and 4 of *Streptococcus* F0441 could not be detected in certain samples is that these two 16S copies are truncated and are much shorter (400 and 900 bp) than the others. It should be noted that the 16S rRNA copies of the most abundant genera in salivary metagenome, such as *Rothia, Streptococcus* and *Prevotella*, were covered by more reads than those of low abundant genera. These results indicated that restriction enzymes AatII and EcoRI can digest nearly all the 16S rRNA gene copies in metagenomic DNA and thus could be used in RiboFR-Seq.

16S rRNA copy number varies greatly among bacteria ([@B16]). As a result of this variation, currently available 16S rRNA-based analytic approaches tend to overestimate the relative abundance of taxa in an environmental sample based on the 16S rRNA gene sequences. However, the RiboFR-Seq method determined 16S rRNA gene copy number within one species by clustering the non-ribosomal reads of BRPs, which could be used to adjust the species richness. 16S V6 sequences of oral microbiome assigned to 10 species were extracted and analyzed by normal methods without adjustment (Supplementary Figure S9). Then, these sequences were re-analyzed using two different 16S copy number adjustments methods, RiboFR-Seq and RDP Classifier V2.11 which was trained with the 16S gene copy number data from the Ribosomal RNA Database (*rrn*DB) ([@B42]). As shown in Supplementary Figure S9, before and after 16S rRNA copy number adjustment, the richness of these 10 species changed greatly. For example, the abundance of *Neisseria gonorrhoeae* FA 1090 was declined from 55 808 per million reads to 13 952 per million reads. Moreover, the 16S copy number detected by RiboFR-Seq with BRPs was more accurate than that estimated from *rrn*DB based on known genomes. For rrnDB-based adjustment, if one species was not recorded in *rrn*DB, the 16S copy number would be assigned with mean gene copy number of its parent taxa. For instance, *Prevotella pallens* ATCC 700821 was not collected in *rrn*DB, thus the 16S copy number of this species was assigned as 4, which was the average 16S copy number of genera *Prevotella* calculated from *rrn*DB, but actually only one 16S copy is present in *Prevotella pallens* ATCC 700821, which is consistent with RiboFR-Seq prediction.

Analysis of microbiome from novel natural habitats by RiboFR-Seq {#SEC3-5}
----------------------------------------------------------------

To extend the application of this new method to microbial communities in novel environments with limited reference genomes, the undiscovered microflora colonized on the surface of *SJ* has been taken as another sample. Both 16S rRNA amplicon sequencing and shotgun metagenome sequencing were performed using the genomic DNA from microbes associated with *SJ* female gametophytes.

Altogether 116 497 788 clean PE reads were generated from shotgun metagenome sequencing of the *SJ* sample after screening out host DNA contaminants. Totally 52 173 contigs/scaffolds were assembled using SOAPdenovo2 and 205 318 ORFs were predicted by MetaGeneMark from contigs/scaffolds (length ≥ 500 bp), of which 185 325 were annotated using BLASTP against the NCBI NR database. A total of 1 813 568 and 1 798 489 of 16S V4 and V6 PE reads passed through quality control, respectively. About 88.12 and 86.48% of these high-quality PE reads were merged into long sequences and taken as tags and then *de novo* binned into 5368 and 6870 OTUs at a distance level of 3%. The rarefaction curves illustrated that the number of 16S sequences collected in this study was adequate (Supplementary Figure S5B). Metagenome sequencing of AatII-digested circularized products from RiboFR-Seq resulted in 6 735 510 clean PE reads, and replication control 1 and 2 of EcoRI-digested circularized products generated 10 657 788 and 9 468 582 clean PE reads, respectively.

As shown in Figure [5A](#F5){ref-type="fig"}, only 58.08% of metagenomic reads could be assigned to the top 25 most abundant genera and 89.22% of 16S rRNA V4 and 88.62% of 16S rRNA V6 reads could be classified to these 25 genera. Compared with taxonomy based on sequencing reads, 66.74% of metagenomic reads could be assigned to the top 25 most abundant genera by Kraken, which was higher than that of the assembled method (58.08%) and 41.62% metagenomic reads could be assigned to these 25 most abundant genera by CLARK (Supplementary Figure S10). As expected, the taxonomic profiles estimated based on shotgun metagenomic reads and 16S rRNA amplicon sequencing were distinct (Supplementary Figures S10 and 11). The main reason for this discrepancy is that OTUs or assembled contigs/scaffolds derived from novel bacterial communities had much lower sequence similarity with known 16 rRNA genes or reference genomes, respectively. For example, the genus *Ilumatobacter* was dominated (11.25%) in the shotgun metagenome sequencing data. In contrast, this genus only ranked the second and third most abundant genera in 16S V4 and V6 data (16.19 and 13.32%), respectively. *Alteromonas* was the most abundant genus in the 16S V4 and V6 datasets, which occupied 41.16 and 39.57% of total reads, respectively, compared with 7.61% in shotgun metagenome sequencing data.

![Microflora colonized on the surface of *Saccharina japonica* (*SJ*) revealed by RiboFR-Seq (**A**) Normalized percentage of 25 major genera shows the microbial diversity in three datasets from *SJ* microflora, Meta (shotgun metagenome sequencing data), 16S_V4 (16S V4 amplicon data) and 16S_V6 (16S V6 amplicon data). (**B**) Consensus classification of 16S V6 OTUs and contigs/scaffolds by RiboFR-Seq. Left panel, 20 abundant OTUs of 16S V6, area of solid circle (OTU richness). Right panel, the contigs/scaffolds linked with 16S OTUs by BRPs, with area of solid circle representing average coverage of contigs/scaffolds and gradient blue color representing contig/scaffold number. The dark red solid lines indicate linkage between 16S V6 OTUs and contigs/scaffolds, with the width representing the number of BRPs. (**C**) Abundant unique sequence tags of 16S V6 amplified from *SJ* microflora annotated by RDP and RiboFR-Seq. Each node represents a sequence tag, and node size is proportional to tag richness. The link between nodes indicates one nucleotide difference between the two linked tags. (**D**) Multiple 16S rRNA sequences connected with contigs/scaffolds of three taxa from metagenomic assembly. Red nodes represent 16S rRNA genes, and gray nodes represent metagenomic contigs/scaffolds.](gkw165fig5){#F5}

We applied RiboFR-Seq to this *SJ* metagenomic sample and tried to integrate above two surveys to make a consensus classification based on BRPs. As shown in Figure [5B](#F5){ref-type="fig"}, the OTUs clustered from 16S amplicon sequencing and contigs/scaffolds assembled from shotgun metagenome sequencing were connected by BRPs. Twenty most abundant OTUs of 16S V6 were annotated by RDP classifier, and contigs/scaffolds were queried to the NR database using BLASTP for classification (Figure [5B](#F5){ref-type="fig"}). The annotation of these two datasets were distinct, but the BRPs of RiboFR-Seq directly linked the two parts and re-classified the OTUs and contigs/scaffolds at a consensus taxonomic level by reducing the biases from the two annotation strategies. For this unexplored *SJ* microflora, about a half of BRPs could make a consensus classification using a LCA approach (Supplementary Figure S1, 'Materials and Methods' section). The remaining BRPs linked the 16S rRNA or contigs/scaffolds with no annotation because of lacking reference genomes. The most abundant unique sequence tags (∼600 read supports) of 16S V6 in *SJ* were shown in Figure [5C](#F5){ref-type="fig"}. Sixty-five percent of these tags could be classified by RiboFR-Seq based on AatII-digested, 42% were identified by RDP classifier, and only 28% could be annotated by both methods. Similar findings were also present in the EcoRI-digested sample (Supplementary Figure S12). Although the ratio of unclassified tags in *SJ* was much higher than that of the salivary metagenome, the RiboFR-Seq approach could assign many more 16S V4 and V6 tags to certain taxa using BRPs than traditional methods. Our findings demonstrated that for bacterial communities from less explored environments, where taxonomic profiles based on 16S rRNA and metagenome were rather different, RiboFR-Seq provided a useful solution for more accurate taxonomic classification.

Accurate placement of ribosomal RNA operons is a significant challenge in microbial genome assembly, particularly in metagenomic studies. RiboFR-Seq could accurately locate multiple 16S rRNA sequences through the unique connection between 16S rRNA sequences and metagenomic contigs/scaffolds using BRPs. We retrieved contigs/scaffolds of three species from metagenomic assembly and positioned multiple 16S rRNA sequences by the direct linkage of BRPs, which could assist to further bacterial genome finishing (Figure [5D](#F5){ref-type="fig"}). The draft genome of one species from above was constructed and identified as *Devosia* sp., in which two copies of 16S rRNA sequences of this *Devosia* sp. were successfully pinpointed in the assembled genome (Supplementary Figure S13).

With the rapid advancement of high-throughput sequencing technologies and wide application of metagenomic approaches, we believe RiboFR-Seq, which provides a direct link between 16S rRNA and metagenome, can help us better understand the microbial communities.

DISCUSSION {#SEC4}
==========

This study presents a novel experimental and bioinformatic framework, RiboFR-Seq. The main advantage of RiboFR-Seq is that it can provide a direct link between 16S rRNA taxonomic profiles and metagenomes using 'BRPs', of which one end could be mapped to 16S rRNA variable region (V4 or V6) and the other end could be mapped to the upstream protein-coding regions. RiboFR-Seq can determine 16S rRNA copy numbers within one species to reduce the bias of 16S profiling, and can unbiasedly classify 16S amplicons and metagenomic contigs. Combined with classical amplicon sequencing and shotgun metagenomic sequencing, RiboFR-Seq can link the annotations of 16S rRNA and metagenomic contigs to make a consensus classification, and can accurately locate multiple 16S rRNA sequences through BRPs and thus can assist to metagenomic assembly and binning.

Taxonomic classification in metagenomic studies {#SEC4-1}
-----------------------------------------------

To explore the community structure, particularly the microbiome from novel niches, the first and most important step is to detect 'who\'s there?'. 16S rRNA amplicon analysis and shotgun metagenome sequencing are the two most common approaches. The 16S rRNA genes are widespread in prokaryotes, which is the most commonly used marker gene to explore microbial community diversity. Shotgun sequencing of metagenomes increases our knowledge of taxonomic classification as well as genetic and functional variability. Moreover, community composition characterized by shotgun metagenome sequencing and 16S rRNA amplicon sequencing were always not identical (Figure [3C](#F3){ref-type="fig"}), which probably arose directly from insufficient sequencing depth and incomplete assembly in shotgun metagenome sequencing, and PCR primer sets used in 16S rRNA amplicon sequencing not suitable to cover all bacteria.

Single cell sequencing technology partly resolves the above problem. Cell sorting of microbial populations by flow cytometry ([@B43]) and microfluidics ([@B44]) makes a single cell separation successfully. Whole genome amplification such as multiple displacement amplification ([@B45]) or multiple annealing and looping-based amplification cycles ([@B46]) coupling with high-throughput sequencing has completed the genome assembly ([@B47]). Specific assembly tools for single cell genome such as SPAdes ([@B50]) and IDBA-UD ([@B51]), boost the applications of single cell sequencing more widely. However, there are about 500--700 different bacterial species in human oral cavity ([@B52]), more than 1000 species in gut ([@B53]) and 2.5 × 10^6^ colony-forming units per gram of soil ([@B54]), separating every bacterial cell from natural environment is a huge project for most laboratories. In addition, whole genome amplification contamination is inevitable, and plenty of reagents are also burden for researchers.

To deal with above mentioned problems, we designed a novel method RiboFR-Seq, which could link 16S rRNA and metagenomic contigs/scaffolds to characterize species composition from natural environments. As demonstrated in the human salivary microbiota and unexplored bacterial epibionts of marine kelp, RiboFR-Seq could detect the vast majority of bacteria not only in well-studied microbiomes but also in novel communities with limited reference genomes, and provided an enhanced view on microbiota profiles by combining with traditional 16S rRNA and metagenomic sequencing.

Horizontal gene transfer (HGT) is the process in which mobile genetic material is shared between organisms, which is an important factor in the evolution of bacteria, and plays important role in transmission of antibiotic resistance and virulence ([@B55]). Currently available methods for detecting HGT events are mainly based on phylogenetic conflict. The RiboFR-Seq approach may be applicable to studying HGT events in metagenomic samples. For example, BRPs between potential mobile elements and 16S rRNA gene can be obtained from the circularized enzyme-digested DNA fragments using high throughput sequencing. The phylogeny of 16S rRNA reads from BRPs can be used to determine their taxonomic origin, while the conflicting phylogenetic signal derived from the linked metagenomic genes may indicate potential HGT events.

Restriction enzyme selection {#SEC4-2}
----------------------------

Restriction enzymes (endonuclease) are a kind of specific enzymes which can cut DNA at or near unique recognition sites. Nowadays, about 4000 biochemically or genetically characterized restriction enzymes have been discovered and over 600 of which are commercially available for diverse research communities ([@B56]). In this study, selection of an appropriate restriction enzyme is a key factor for RiboFR-Seq, implementing in the first step of this novel method to digest metagenomic DNA. The restriction enzymes AatII and EcoRI *in silico* covering the abundant genera or species were selected from about 200 restriction endonucleases, and their efficiencies had been verified using RiboFR-Seq data from human salivary sample and microflora colonized on *SJ*. These two restriction enzymes have different recognition sites, which could digest 16S rRNA sequences at different position (Supplementary Figure S2), and cover 99.7% (AatII) and 77.8% (EcoRI) of 8667 16S rRNA sequences of type strains. In further applications, researchers can choose the restriction enzymes employed in RiboFR-Seq based on purpose of studies, not just to cleave 16S rRNA sequences of most abundant genera/species, but to cut 16S rRNA from some specific genera or species. If one single restriction endonuclease with a conserved cleavage site is not satisfied for research goals, two or three restriction enzymes could be mixed to digest the total metagenomic DNA. It is noteworthy that some restriction enzymes are sensitive to DNA site-specific methylation modified at m4C, m5C and m6A ([@B57]), which are commonly found in bacterial genomes. Therefore, usage of methylation-sensitive restriction endonucleases should be very careful in RiboFR-Seq. For example, XbaI could not cleave the genomic DNA of *E. coli* GM2163 with deleted dam and dcm at recognition sequences TCTAGATC and GATCTAGA ([@B58]). As more and more restriction enzymes have been discovered and commercially available, RiboFR-Seq would be suitable for broad applications in further metagenomic studies.

Application of RiboFR-Seq with development of technologies {#SEC4-3}
----------------------------------------------------------

In RiboFR-Seq method, the truly useful PE reads are those one read aligned to 16S sequences and the other matched the adjacent upstream genes or spacer sequences flanking the same ribosomal operon, which can build a bridge to directly link 16S rRNA profiling to metagenomic survey. About 7.95% of clean PE reads of RiboFR-Seq data from AatII-digested genomic DNA of human salivary microbiome were the 'bridge reads', and the remaining PE reads were either partial sequences of 16S rRNA or neighboring flank DNA fragments of the same ribosomal operon. In order to retrieve these 'bridge reads' more efficiently, the forward LD-IPCR primer 16S-AatII-784F could be modified with a 5′-end biotin label. After the fragmentation of the long-range PCR products amplified with biotin-labelled primers, the BRPs could be enriched using streptavidin-coated magnetic beads. Using this enrichment step will undoubtedly increase the percentage of bridge reads and improve the application of RiboFR-Seq.

Nevertheless, there are many factors that can influence the effectiveness of RiboFR-Seq. The most important one is the length of NGS short reads which is the cornerstone of the linking bridge. One short 'bridge read' may align perfectly to plenty of reference sequences from different species or genus. These multiple alignments complicate the connections that are hardly to be resolved in further analysis. However, with the rapid advancement of high throughput sequencing technologies, Illumina platforms can produce up to 2 × 250 bp or even 2 × 300 bp read pairs. These longer reads can undoubtedly reduce the ratio of multiple mappings in RiboFR-Seq, although reads assembly and homology searches are still challenging. Over the past few years, the third generation sequencers based on single-molecule approach have been commercially available. PacBio RS SMRT system achieves much longer read length (∼10 kbp) than other current technologies, and has been recently applied to full-length 16S rRNA sequencing and genome finishing for bacteria in several studies ([@B59],[@B60]). However, the major limitations of this sequencing technology are its high single-pass raw read error rate (10--15%) and high cost. With the rapid development of sequencing technologies, the third generation sequencers based on single-molecule approach will promote the application of RiboFR-Seq in metagenomic subjects. We believe that RiboFR-Seq will facilitate our understanding of various microbial communities by integrating classical rRNA amplicon and shotgun metagenomic analyses.
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